Abstract
hence can be used as a reliable marker to identify pathogenic infections in crops. An infected 30 plant would produce different amount of VOCs as opposed to a healthy plant (Fang et al. 2014) . 31
The VOCs in infected plants are produced through various biosynthetic pathways, including the 32 octadecanoid pathway leading to fatty-acid derived green leaf volatiles (GLVs), monoterpenes, 33 diterpenes, sesquiterpenes, isothiocyanates and a large diversity of aromatic metabolites 34 (Schoonhoven et al. 2005) . Among the various compounds in the volatile signature of plants, 35 methyl salicylate (MeSA) is released in large quantities during pathogenic infections and 36 infestation and therefore is a suitable target compound (marker) for detecting biotic stresses of 37 plants. Plants produce MeSA through Shikimate biosynthesis pathway, during a biotic stress 38 event such as the pathogenic infection and herbivorous infestation. For instance, the production 39 reported from maize and pepper infected by Fusarium and Phytophthora capsici respectively 42 (Buttery et al. 1969; Piesik et al. 2011) . MeSA is an allelochemical that is released not just at the 43 7 cool down before 2 + 4 μL of 10 mM PBSE in DMF were added on GC and RDE respectively. 112
The electrodes were incubated for 15 min to allow the formation of non-covalent linkage 113 between CNT and PBSE. Then the electrodes were rinsed by DMF and 100 mM PB (pH 7.6) 114 sequentially to remove excessive PBSE (Ramasamy et al. 2010) . HRP solution was prepared by 115 dissolving 5 mg HRP in 1 mL 20 mM PB (pH 7.6). The bi-enzyme solution was simply prepared 116 by mixing 5 μL of alcohol oxidase solution and 5 μL HRP solution. 10 μL of bi-enzyme solution 117 was drop casted on the electrodes and incubated on ice for 30 min for enzyme immobilization. 118
The electrodes were rinsed with 100 mM PB (pH 7.6) to remove any unimmobilized enzyme. 119
For CV measurements, the potential range used was from 0.2 V to 0.7 V at a scan rate of 20 mV 120 s -1 with a sample interval of 0.001 V. The initial potential for constant potential amperometry 121 with RDE was 0.45 V with 0.1 s interval for data collection. 122
Hydrolysis of methyl salicylate 123
The MeSA was mixed with 0.19 M KOH in 15 mL falcon tube to balance the ionic 124 strength of the buffer for hydrolysis. The falcon tube was sealed and placed in boiling water bath 125 for 30-minute hydrolysis. Then the falcon tube was cooled down to room temperature before 126 adding phosphoric acid to adjust the pH to 7.6 ( † supplementary data Fig. S1 ). 127 128
Results and Discussion

129
Cyclic voltammetry on bi-enzyme modified electrode 130
As methanol is the product of the hydrolysis step and the first reactant in the enzymatic 131 conversion reactions, the bi-enzyme system was evaluated first for methanol detection using 3 132 mM of methanol in the electrolyte. For comparison purposes, a CNT modified GC electrode 133 8 functionalized with only one enzyme (HRP or AOD) as bio-recognition element was also 134 evaluated as two different controls. As shown by the cyclic voltammograms in Figure 2 (a), the 135 amperometric signal indicated by the reduction wave originating at 0.6 V (with a peak at 0.45 V) 136 was generated only when both enzymes are present on the electrode. The cathodic wave 137 corresponds to the electrochemical reduction of hydrogen peroxide to water, which is the last 138 step of the cascade reactions as described in the reactions namely potassium salt of salicylate (SA) and formaldehyde would contribute to the 147 amperometric signal in the region of interest (0.6 V and below along the cathodic wave in Figure  148 2(a)). For this, the HRP and AOD immobilized electrodes were tested using CV in the same 149 potential window using reagent solutions of salicylate (SA) and formaldehyde solutions 150 respectively and the corresponding voltammograms are given in the supplementary data † Figure  151 S2. The results in Figure S2 
Electrochemical response of the bi-enzyme sensor 183
The amperometric response of the bi-enzyme modified electrode at different 184 concentrations of the analyte was analyzed using both CV and constant potential amperometry. 185
The 12 different concentrations of the hydrolyzed MeSA ranged from 1 μM to 3 mM and were 186 studied by stepwise addition. The system was equilibrated for 10 seconds after the stepwise 187 analyte addition at each concentration before a measurement was made. The above concentration 188 range was chosen based on a series of experiments, where the lowest limit was determined based 189 on the noticeable increase in reduction current upon an incremental addition of hydrolyzed 190
MeSA into the electrolyte. Similarly, the upper concentration limit was chosen based on the rate 191 of decrease in oxidation current during subsequent additions of hydrolyzed MeSA. Table S1 ). Though the linear range for constant 222 potential amperometry is narrower than CV, it is a preferable amperometric technique over CV 223 based on other estimated parameters. 224
Interference studies 225
MeSA is not the only VOC produced by plants during biotic stress events. Other VOCs 226 such as green leaf volatiles (GLVs) that are non-specific to the pathogen infections are also often 227 released at high concentrations, which could cause interference during MeSA measurement. 228
Therefore a representative set of such GLV compounds namely, cis-3-hexenol, hexyl acetate and 229 cis-3-hexenyl acetate were used to determine the effect of interference on the biosensor response 230 using constant potential amperometry. The bi-enzyme modified RDE was preconditioned until 231 300 seconds and hydrolyzed MeSA was added to maintain 50 μM of working concentration, 232 which is in the middle of linear range. The RDE was further stabilized for 500 seconds before for the effects that arise due to the volume change of the electrolyte, a control interference study 244 was performed, where phosphate buffer (PB) was added stepwise to mimic the volume change in 245 the electrolytes. The decrease in the current values during stepwise addition of PB in control 246 experiment could be attributed to the dilution effects arising from the stepwise addition, as the 247 buffer itself does not contribute to interference. On the other hand, amperometric signal in the 248 presence of GLV were slightly higher compared to the control. Figure 4(b) shows the percentage 249 of interference at different concentrations of the interfering compounds, which ranges from 0 % 250 (for 0 μM of GLVs) to 2.36 %, 2.14 % and 3.43 % respectively, (for 100 μM of cis-3-hexenol, 251
hexyl acetate and cis-3-hexenyl acetate) as reported in supplementary data † Table S2 . Since 100 252
μM of GLVs represent is about two orders of magnitude higher than typical concentrations of 253
GLVs, we could conclude that bi-enzyme sensor for MeSA detection suffers minimally from the 254 interference of GLVs at their typical concentrations in plant volatile signature. 255
In addition to the above-mentioned compounds, methanol, which produced by most of C3 256 plants, could also potentially interfere with MeSA signal, since the detection of MeSA is based 257 on methanol that was formed after hydrolysis (Fall and Benson 1996) . Therefore, the sensor is 258 primarily meant for use with C4 plants such as corn. Previous research has indicated that 259 significant amount of MeSA was released by juvenile corn (Zea mays) while methanol 260 production was not reported (Bernasconi et al. 1998 
Durability and repeatability 267
Durability of the bi-enzyme biosensor was evaluated for 10 days and the original data is 268 reported ( † supplementary data Table S3 ). The duration of the durability study was decided 269 based on the duration it takes to notice a significant decrease in the amperometric signal. For this, 270 constant potential amperometry was used to detect 50 μM hydrolyzed MeSA using the bi-271 enzyme modified RDE, where the net current density was measured before and after addition of 272 the hydrolyzed MeSA. The RDE was then stored in 100 mM PB (pH 7.6) at 4 o C. The 273 experiments were performed on day 0, 1, 2, 4, 7 and 10 by using the same procedure. The result 274 of the durability shows that the current density for H 2 O 2 reduction decreased gradually over the 7 275 days (supplementary data † Fig. S6 ). The day when initial measurements were made was 276 considered as day 0. On day 1, the current dropped from 100 % to 95 %. However, between day 277 1 and 4, the electrode behaved relatively stable with very little variations. The amperometric 278 signal current was above 90 % of the initial value even after 7 days. However, on day 10, the 279 current sharply decreased to 79 %, which could be attributed to the loss of enzyme activity 280 (supplementary data † Table S3 ). Since the sensor electrodes are meant for single-use testing, the 281 durability data here shows satisfactory retention of signal durability by the bi-enzyme sensor for 282
days. 283
Tests were also conducted to evaluate the repeatability of the bi-enzyme biosensor 284 performance. The experiments were conducted on the bi-enzyme modified RDE using identical 285 concentrations of 50 μM hydrolyzed MeSA (supplementary data † Fig. S7 ). The current density 286 differed slightly between each measurement, which could be attributed to the slight change in 287 15 enzyme orientation on the surface of the electrode. Upon the immobilization, the enzyme could 288 orient itself on the surface in multiple ways, and therefore the active site of the enzyme could be 289 either exposed to the electrolyte side or facing the electrode. The variation in the orientation 290 could impact substrate binding and reaction thereby causing small variations in the 291 electrochemical parameters measured in each experiment. Difference in the currents before and 292 after adding hydrolyzed MeSA was used for relative standard deviation (RSD) calculation. The 293 RSD for the repeatability experiments was 6.6 % ( † supplementary data Table S4 ), which is 294 quite acceptable based on for enzyme-based sensors. 295
Real Sample Study 296
Real sample study was conducted in order to evaluate the bi-enzyme biosensor on a 297 native analyte that contain methyl salicylate. Wintergreen oil essentially consists 98 % of MeSA, 298 which is produced by the enzymes of the wintergreen when it is under stress. Wintergreen oil 299 was hydrolyzed as stated before and used as the analyte for real-sample studies. However, MeSA, 300 which is the main compound in wintergreen oil, is not present in the plant initially. It is only 301 produced enzymatically from a glucoside within the leaves when they are macerated in warm 302
water. In this experiment, wintergreen oil was introduced to simulate the situation when plant 303 
